Nutrient recycling should be effective at balancing nutrient flows in Japanese animal production. This means replacing imported feed with self-produced feed. The Yakumo Experimental Farm of Kitasato University has produced commercial beef under 'organic' management, without the use of agricultural chemicals or imported feed, since 2005. Using a data set obtained from 220 ha of grassland and 250 head of cattle over the 5 years from 2008 to 2012, we estimated nitrogen (N) flow. During 2011 and 2012, we measured grass production, cattle production (selling out), soil parameters and atmospheric deposition (from precipitation and atmospheric ammonia concentrations). To determine N fixation by clover (white clover, Trifolium repens L.), we compared grass + clover plots with grass-only plots. applied in composted manure, 1.7 Mg N yr −1 in imported bedding material, 2.8 Mg N yr −1 in deposition and 1.41 Mg N yr −1 in meat production. N in composted manure equaled about 0.8% of the huge soil N stock; N in grass production equaled about 0.7%, of which clover fixation supplied 60%; N deposition was not negligible; and N export by meat production was minor. These results show that on this organically managed farm, soil N stock increased gradually (by 8.6 Mg N yr −1 [220 ha] −1 = 39 kg N ha −1 yr −1 = 0.02% of the soil N stock) and N export was small. Our findings show that it is possible to balance N inputs with N outputs in a beef cattle enterprise without the need for feed or fertilizer imports.
Introduction
The food sufficiency ratio in Japan is only 39% of calories (MAFF 2014) , the lowest in the world. The simple explanation is the high importation of food and feed from abroad, which reflects limited agricultural land area relative to population. The annual nitrogen (N) balance on an agricultural land basis is currently +187 kg N ha −1
, and the phosphorus balance is +49 kg P ha −1 (OECD 2013), so surplus nutrients accumulate in the soil. These nutrients cause water pollution through Nitrate nitrogen (NO 3 -N) leaching (Jarvis 2000 (Jarvis , 2011 Mishima et al. 2009; Shen et al. 2011) and air pollution through emissions of Nitrous oxide (N 2 O) (Mosier et al. 1998; Mori et al. 2008; Shimizu et al. 2013; Mori and Hojito 2015) and ammonia (Hojito et al. 2010) . The accumulation of heavy metals from manure also poses a problem for Japanese soils (Mori et al. 2004) . For a long time, Japanese beef cattle fed on imported feedstuffs have been famous for their well-marbled meat.
More recent consumer interest is in less fatty meat, which might lessen the need for imported feed. Kitasato University manages a resource-recycling beef production enterprise on its Yakumo Experimental Farm, where the grasslands have been managed entirely by 'organic' means since 2005 without the use of imported feed, inorganic fertilizers or agricultural chemicals; only composted manure produced on the farm is applied, along with some imported bedding material such as wheat straw. 'Kitasato Yakumo Beef' is commercially produced on the farm and marketed in Tokyo as lean 'organic' meat. Although the farm practices organic farming, the objectives are to reduce the risk of environmental pollution (Nelson et al. 2004; FiBL and IFOAM, 2014) and to deliver safe, reliable meat to the consumer (UK Soil Association 2002), not to obtain organic products in itself.
This organic farming system is unique in Japan, and because inputs into the farm are limited, it is easy to analyze nutrient flows. However, little information is available.
The objectives of the study were to estimate (1) the N pool in the farm's soil, (2) N uptake by grass growth, including N fixed by clover (white clover, Trifolium repens L.), (3) wet and dry N deposition, (4) N exported in meat, and (5) the amount of N applied in composted manure; and (6) to determine the total N balance of the enterprise. and is housed in winter (November to April), producing about 50 carcasses annually. Nothing is imported onto the farm except for some bedding material, mostly wheat straw and bark. Only composted manure, produced on the farm, is applied to the grassland. The dominant pasture species are orchardgrass (Dactylis glomerata L.), Kentucky bluegrass (Poa pratensis L.) and white clover (Trifolium repens L.). The soil is classified as Low-humic Allophanic Andosols (Obara et al. 2015) . The farm is isolated from other commercial farms and is surrounded by woods.
Materials and methods

Study site
Farm history and soil condition
Kitasato Yakumo Farm was established in 1976 from former commercial dairy farms comprising grasslands and some cornfields. The grassland (but not 12.5 ha of cornfields) was renovated between 1976 and 1996 by a conventional method using soil plowing. Pasture species sown were orchardgrass (D. glomerata), timothy (Phleum pratense L.), meadow fescue (Festuca pratensis Huds.), perennial ryegrass (Lolium perenne L.), Kentucky bluegrass (P. pratensis), red clover (Trifolium pratense L.), and white clover (T. repens). 
Nitrogen estimation
We measured N stocks and flows on the farm as follows.
(1) Grass production (internal flow): N uptake by grasses was measured twice in 2011 and four times in 2012: triplicate 1-m 2 samples of grass were cut at 5 cm height, dried and milled for measurement of N concentration as described in Section 2.4. Pasture yield data of 2008 to 2010 (also measured in triplicate) were recorded in the farm's annual reports. . By comparing the differences in the amount of N uptake at the first (June), second (August) and third (September) cuttings in 2012, we calculated the relationship between clover proportion (estimated by eye) and N fixation. By using these regression equations, we estimated the total amount of N fixed by clover on the farm in a year. 
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Meat production (output flow): We estimated the N content of live cattle and that exported in meat using a body N content of 2.928% (Hashizume 1971) , the body weights of cattle on the farm, and meat exports recorded in the farm's annual reports.
Nitrogen analysis
Total nitrogen (T-N) concentration was measured following dry combustion in an automatic NC analyzer (Sumigraph NC-22F, Sumika Chemical Analysis Service, Osaka, Japan). T-N and Ammonium-N (NH 4 -N) concentrations of wet and dry deposition were measured by continuous flow analysis with an auto-analyzer (swAAT, BLTEC, Osaka, Japan; and FIAstar 5000, Foss, Hillerød, Denmark).
Nitrogen balance calculation
The final annual nitrogen balance on the farm was calculated as follows:
Inputs (Mg N yr −1 ) = N fixation by clover + wet and dry deposition + bedding material Outputs (Mg N yr −1 ) = meat production (+ estimated ammonia emission) Balance = Inputs -Outputs 3. Results Table 1 shows annual mean grass yield and N uptake. The 5-year mean annual T-N uptake was 14.28 Mg N yr −1 ± 3.86 (SD).
Grass production (internal flow)
N uptake in 2012 was nearly double that in the other years. Figure 1 shows the relationship between clover content and N fixation by clover in 2012. The relationship was not significant at the third cutting (Fig. 1C ), but it was significant at the first and second cuttings (Fig. 1A, B ). The amount of N fixed by clover in 2012 was estimated as 9.92 Mg N yr −1 ( 
Nitrogen fixation (input flow)
Soil N (stock)
The N stock in the top 30 cm of soil was calculated as 8871 kg N ha −1 (Table 3) . From this, the N stock in the 220-ha field was calculated as 1952 Mg N. (Table 6 ). The amounts applied during 2008 to 2011 were estimated from the farm's annual reports (Table 6 ). The estimated 5-year mean value was 15.71 ± 2.33 Mg N yr −1 (SD).
Ammonia emission (output flow)
We did not consider ammonia emissions for lack of information, but if we assume the emission of 20% of the N in composted manure (Hojito et al. 2003; Huijsmans et al. 2007 ), about 3.1 Mg of Ammonia-N (NH 3 -N) would be lost to the atmosphere.
Bedding material (input flow)
The amount of bedding material imported onto the farm was recorded in the farm reports (Table 7) . We analyzed the T-N concentrations of bedding materials as follows: shavings = 0.24%, bark = 0.47%, wheat straw = 0.49%, rice straw = 1.03%, and second hay = 0.60%. The T-N imported with bedding material during 2009 to 2012 was estimated as 1.72 ± 1.17 Mg N yr −1 (SD; Table 8 ).
3.7. Precipitation and deposition (input flow) Table 9 shows the average chemical composition of precipitation at two sites on the farm; the estimated average T-N concentration of the precipitation was 0.86 mg N L (Fig. 2) , the monthly dry deposition was calculated (Fig. 3) . The 2-year average was 1.1936 kg N ha
. Therefore, the annual dry deposition from 2008 to 2011 was 0.26 ± 0.01 Mg N, and the total wet + dry deposition was 2.79 ± 0.33 Mg N yr −1 (Table 10) .
Meat production (output flow)
The amount of N exported as meat from 2008 to 2011 was estimated as 1.41 ± 0.20 Mg N yr −1 (SD; Table 11 ). The potential stock of N in livestock on the farm was estimated as 3.20 ± 0.20 Mg N yr −1 (Table 12) .
Nitrogen balance
Over the 220 ha of the farm, the average annual inputs and outputs were estimated as follows ( (Fig. 4) . N in composted manure equaled about 0.8% of the huge soil N stock; N in grass production equaled about 0.7%, of which clover fixation supplied 60%; N deposition was not negligible; and N export by meat production was minor. These results show that on the organically managed Yakumo Farm, soil N stock increased gradually (by 8.6 Mg N yr −1 = 39 kg N ha
), N export was relatively small and N fixation by clover is important for grass production. In great contrast, conventional commercial beef farms import a lot of feed and inorganic fertilizers (Jarvis 2011).
On Yakumo Farm, the N balance was ideal from the viewpoint of environmental conservation because of the limited imports. The total N balance of the farm gave a slight annual surplus of 8.6 Mg N, which is about that fixed by clover, or 39 kg N ha −1 . Concerning this value, however, Mishima et al. (2015) showed the national average balance of Japan as 44 kg N ha −1 (in which biological fixation was not accounted for), and Mishima et al. (2010) showed 49.3 kg N ha −1 as the national average of balance (which included both biological fixation and denitrification). Our data were obtained by direct measurement on a farm, but their data were obtained based on the statistical database at the national scale. Therefore, it is not possible to compare them simply, and whether the surplus of 39 kg N ha −1 is slight or not might be a complicated discussion from a precise viewpoint. The 14. (Fig. 4) . This value is very common in this area.
Uncertainties
The outflow of N from Yakumo Farm and the N surplus were relatively small. Even though we did not obtain direct evidence of environmental influence, we measured the T-N concentrations in the water of river 2-5 and the Obara River, which both run through the farm. downstream in the Obara River. These results show no increase on the farm. Uncertainties still remain. N flow analysis was performed for 4 to 5 years' duration, but the analytical data were collected only in the last 2 years. The representativeness of years should be considered carefully because unstable productivity is one of the risks of organic farming, as grass production depends strongly on climatic conditions. For instance, the dry matter yield of grass varied little among years (2.78 ± 0.27 Mg ha −1 ), but the total N uptake varied greatly (14.28 ± 3.86 Mg N ha −1 ; Table 1 ). The year 2012 (with the highest total N uptake) was in a sense a special year because large outbreaks of locusts (Cease et al. 2012) necessitated early cutting and an extra harvest, resulting in high N concentrations and N uptake.
Variations would also be evident in the N concentrations of the composted manure and bedding material. We analyzed the soil only once, in 2011, but the soil N content might change annually. Further, we measured the N content of the 0-30-cm soil layer, but the available (inorganic) N content as deep as 1 m would allow a more precise analysis of N stock and grass production. These limitations of the analytical data cannot be ignored and must be addressed in a future study. The white clover fixed 31 to 40 kg N ha −1 yr −1 (Table 2 ).
This value is lower than the 39 to 116 kg N ha −1 yr −1 fixed by red clover and alfalfa (Medicago sativa L.) grassland in Canada (estimated by the 15 N natural abundance method; Nimmo et al. 2013) ; the 82 to 224 kg N ha −1 yr −1 fixed by white clover and red clover grassland in New Zealand (Ledgard et al. 1990) ; and the 83 kg N ha −1 yr −1 fixed in a legume-based crop rotation on a German organic farm (Küstermann et al. 2010) . The white clover on Yakumo Farm might be less effective than red clover and alfalfa on account of plant size and fixation ability. Further, no inorganic fertilizers were applied on Yakumo Farm, so the grass yield was not as high as the average yield of the region (30.0 ± 4.82 Mg ha −1 and 38 Mg ha −1 in Hokkaido). This would limit both grass growth and N fixation. In addition, the uprooting procedure unavoidably leaves clover roots in the soil, and the soil disturbance might influence soil N mineralization (particularly in the first cutting of the year). In fact, we omitted some paired plots from our calculations because new clover plants had invaded the no-clover plots, or grass growth was better in the no-clover plots. Soil disturbance might thus be one reason for the poor correlation between clover content and N fixation at the first cutting (Fig. 1A) . Our estimate might therefore be too low. As information on the N content of live cattle was limited, the value of 2.928% (Hashizume 1971 ) that we used could have had a strong effect on our estimate. To verify, we estimated the value from the Standard Tables of Food Composition in Japan, 4th edition (Kandachi et al. 1991) and 7th edition (MEXT 2015) . The meat N content decreased in Japanese black cattle and dairy cattle between the editions, but did not change in imported cattle. Since the meat composition of our Kitasato Yakumo Beef cattle is close to that of imported cattle (lean), we calculated the N content of live cattle from that of the most recent imports and other information in the literature such as weight composition (Okiya 2000) . The value was 2.858%, close to that used in our calculation. However, compared with the soil N pool, N fixation, or composted manure, the amount of N in meat production was small. Therefore, the value used for the N concentration of live cattle might not have had a great effect on the total N flow. The estimated value of wet deposition (11.49 kg N ha −1 ) is less than two thirds of that in an intensive dairy region in Japan, and dry deposition (1.19 kg N ha −1 ) is less than one tenth (Hojito et al. 2010) .
The low dry deposition might be due to a low atmospheric ammonia concentration, due in turn to the low manure or cattle density of the area. However, the total deposition of 2.8 Mg and the estimated ammonia emission of 3.1 Mg are almost equal, so the flows balance. Despite these uncertainties, the organic farming system based on N fixation by clover on Yakumo Farm shows that it is possible to manage the N balance on a beef cattle farm in Japan. This is borne out by the successful management of beef production and grassland conditions for more than 7 years. Soil diagnosis shows that other essential pasture nutrients, such as P, K, Ca and Mg, are present in suitable concentrations (see Section 2.2), but it will become necessary to replenish them as they are drawn down.
Conclusions
The N balance of Yakumo Farm shows that the farm's organic management maintains a close-to-balanced flow of N on the farm. The soil N stock showed a gradual annual increase (8.59 Mg N yr −1 = 39 kg N ha −1 = 0.02% of N stock). These results
show that it is possible to balance N inputs with N outputs in a beef cattle enterprise without the need for feed or fertilizer imports.
